ABSTRACT POLSINELLI, M.
Actinomycins are chromopeptides endowed with antibiotic and cytostatic activity and produced by species of streptomyeetes (Waksman and Woodruff, 1940) .
The antagonistic activity of the antibiotic is, at present, explained by the finding that actinomycin binds deoxyribonucleic acid (DNA), in vitro and in vivo, thus inhibiting ribonucleic acid (RNA) and protein synthesis (Kirk, 1960; Reich et al., 1962; Levinthal, Keyman, and Higa, 1962) . In vitro tests have demonstrated that actinomycin inhibits RNA polymerase and, to a lesser extent, DNA polymerase (Hurwitz et al., 1962 ).
This communication is concerned with the mode of resistance to actinomycin in strains of Bacillus subtilis.
MATERIALS AND METHODS
Materials. Uniformly Cl4-labeled actinomycin D (specific activity, 0.14 uc/,gmole) was prepared biosynthetically (Ciferri, Albertini, and Cassani, in press ).
Microorganisms. The characteristics of the strains employed are reported in Table 1 . Media. Penassay broth (Difco) was used as a complete medium as such, or with 2% agar. Minimal media were those of Davis and Mingioli (1950) and Spizizen (1958) .
Selection of resistant mutants. Growth in Penassay broth of the sensitive strains, SB 25 and SB 3015, was inhibited by 0.05 to 0.1 ,ug of actinomycin per ml. From these two strains, different resistant mutants were obtained by serial transfer in Penassay broth to which increasing concentrations of actinomvyin had been added.
Preparation of DNA and transformation procedure. DNA for transformation was prepared according to the techniques described by EphratiElizur, Srinivasan, and Zamenhof (1961) . The DNA employed for studies on the binding between DNA and actinomycin was purified by treatment with ribonuclease (Armour), and further deproteinized with chloroform and isoamyl alcohol (24:1, v/v). Transformation was carried out according to the procedure of Young and Spizizen (1961) . Selection of resistant transformant colonies was done on solid Penassay containing actinomycin.
Uptake of actinomycin by whole cells. Cells of sensitive and resistant strains, grown overnight at 37 C in Penassay broth, were centrifuged, and suspended in the minimal medium of Davis and Mingioli (1950) to a final concentration of 101 cells per ml. Radioactive actinomycin was added to give a final concentration of 0.5 jig (1, 219 counts per min per ml). The cells were then incubated at 37 C under agitation. Samples were withdrawn at different time intervals, quickly chilled, and centrifuged. The sedimented cells were washed twice with the medium of Davis and Mingioli (1950) and resuspended in 0.5 ml of the same medium. Samples of this suspension were plated onto metal planchets, dried, and counted in a Tracerlab windowless flow counter. Counts were corrected for counting efficiency and background activity, but no correction was applied for self-absorption.
Binding of actinomycin by DNA. Spectrophotometric analysis of the complex formed between actinomycin and DNA was performed as reported by Rauen, Kersten, and Kersten (1960) . Binding of actinomycin to DNA was studied by equilibrium dialysis (Klotz, Walker, and Pivan, 1946;  Kahan, Kahan, and Hurwitz, 1963) . A dialysis sac (final volume, 0.8 ml) was filled with a solution of DNA corresponding to 33 m,umoles of deoxyguanosine monophosphate (dGMP) for the sensitive strain, 38 m,umoles for the resistant strain, and varying amounts (from 24 to 168 m,umoles) of C'4-labeled actinomycin, in both 0.15 M NaCl and 0.015 M trisodium citrate (pH 7). The sacs were dialyzed at 4 C, and in the dark against 4.8 ml of the same saline citrate solution. After reaching equilibrium, the amount of actinomycin in the dialysate and in the dialysis sac was determined by measurement of the radioactivity. The actinomycin bound to DNA was determined as the difference between the concentrations of the internal free and bound actinomycin and the external free actinomycin.
Cell autolysis of sensitive and resistant strains. Cells grown overnight in Penassay broth were centrifuged and suspended in the same volume of the minimal medium of Davis and Mingioli (1950) to a final concentration approximately identical for sensitive and resistant strains. Bacteria were then incubated at 28 C. The extent of autolysis was measured at different time intervals by determining the decrease of turbidity at 570 m,.
Susceptibility of sensitive and resistant strains to lysozyrne. Cells prepared as above were resuspended in Davis minimal medium containing 10 ,ug/ml of lysozyme (Difco); samples were distributed in test tubes, and then incubated at 37 C. Decrease in turbidity was measured as already reported.
RESULTS
Binding of actinomycin by D:VA from the susceptible and resistant strains. Purified preparations of DNA from both resistant and susceptible strains (SB 402 and SB 3015, respectively) bound actinomycin, as determined by the shift in the absorption spectrum of the antibiotic (Kirk, 1960) . As compared to the spectrum of the antibiotic alone, those obtained in the presence of either type of DNA showed a decrease in absorbancy at 440 m,u, and an increase in absorbancy at 458 m,u. The similarity of the behavior of both types of DNA was confirmed by determining the amount of radioactive actinomycin which binds the deoxyguanosine residues of DNA. The amount of actinomycin bound by DNA extracted from both types of cells was approximately the same (Fig. 1) . The molar ratio between dGMP in DNA and actinomycin bound (6:1) appeared to be in agreement with that reported for DN\A from other sources (Kahan et al., 1963) . The results obtained indicated that resistance to actinomycin was apparently not linked to a modification in the composition, or the structure, or both, of the DNA, which rendered impossible the binding of the antibiotic.
Uptake of actinomycin by uhole cells. Resistance to actinomycin could be linked to the development of a mechanism for the inactivation or destruction of the antibiotic, or to the loss, by the cells, of permeability to the compound. These two hypotheses were tested in the following experiments, in which radioactive actinomycin was supplied to cells of resistant and susceptible cultures. The results (Fig. 2) The media, in which the resistant cells were exposed to the radioactive actinomycin, were extracted, and the actinomycin content was determined. In the case of both resistant strains, practically all the antibiotic supplied to the culture was recovered in the liquid medium, apparently unchanged as far as its chemical and biological properties were concerned. Also, no detectable decrease in the antibiotic titer was found when resistant cells were incubated for 12 hr in Penassay broth in the presence of 10 ,ug/ml of unlabeled actinomycin. Such results ruled out the presence of mechanisms for the destruction of the antibiotic, such as the development of a degrading enzyme.
Modification of the cell uall. Preliminary experiments were carried out to correlate the modification of the cell-wall structure of the resistant strains with other physiological characteristics which could in principle be affected by the wall structure. Such characteristics were: autolysis, capability to be transformed, susceptibility to lysozyme, and Gram staining. Two resistant and two sensitive strains were tested quantitatively for their capability to undergo autolysis by means of the procedure described in Materials and Methods. The results (Fig. 3) were suggestive of a lower rate of * DNA act' autolysis of the resistant strains as compared ooVA aCt to the sensitive ones. Strains with a lower rate *,{ of autolysis also showed a very reduced ability to be transformed, as was already found by Young and Spizizen (1963) . of resistance to erythromycin (Sirotnak, Lunt, and Hutchison, 1963) . On the other hand, data shown in Fig. 4A Three general modes of resistance to antibiotics have been described in microorganisms. One is characterized by the development of an enzyme(s) which specifically degrades the antibiotic, as in the case of penicillin (Spink and Ferris, 1945; Bondi and Dietz, 1948; Pollok, 1957) . A second modification is linked to the acquisition of a mechanism for overcoming the inhibitorv effect of the antibiotic, as in the case of chlortetracycline (Saz and Martinez, 1956 ) and of erythromycin (Taubman, Young, and Corcoran, 1963) . The third type of resistance consists of a modification in the permeability of the cell wall 1570 which beconmes impermeable to the antibiotic.
The last type of resistance, previously reported for chloramphenicol (Kushner, 1955) and for streptomycin (Szybalski and Mashima, 1959; Hancock, 1962) , seems to be involved also in the case of B. subtilis and actinomycin. Indeed, strains of the bacterium resistant to the antibiotic fail to take up to a significant degree the antibiotic present in the medium. On the other hand, no evidence has been found for the presence of an enzyme(s) degrading actinomycin, or for a modification in the capacity of DNA to bind the antibiotic.
The hypothesis of a correlation between resistance to actinomycin and a modification in the structure of the cell wall appears to be substantiated by the findings that the resistant strains tested appear to be more resistant to autolysis than the susceptible strains. In addition, the resistant strains seem to have almost completely lost the capacity to be transformed.
In conclusion, the results reported point out the genetic nature of the resistance of B. subtilis to actinomycin; this resistance seems to be linked to cell-wall permeability. Though cells of Escherichia coli are resistant to high levels of actinomycin, protoplasts are inhibited by low concentrations of the antibiotic (Haywood and Sinsheimer, 1963) .
